Aminophosphonic acids analogous to glutamic acid, aspartic acid, alanine, and valine were actively accumulated by Lactobacillus plantarum. Uptake was dependent on the availability of glucose and, in all cases, the estimated intracellular concentrations substantially exceeded extracellular levels. During uptake, there was little metabolism of tritiated 2-amino-3-phosphonopropionic acid (APP), the aspartic acid analogue, and a negligible incorporation of isotope from this substance into the nucleic acid, lipid, protein, or cell wall fractions of the cell. Competition studies with APP indicated that its transport in L. plantarum and in Streptococcus faecalis was antagonized only by structurally related compounds such as glutamic, aspartic, and cysteic acids. Kinetic studies showed that APP was taken up by a single catalytic system in S. faecalis. A mutant strain of this organism which lacks one of two kinetically distinguishable dicarboxylic amino acid transport systems failed to accumulate measurable amounts of APP. These experiments indicate that the aminophosphonic acids are accumulated by the amino acid transport systems in these bacteria with minimal metabolic changes.
The recent discovery of the naturally occurring aminophosphonic acids by Horiguchi and Kandatsu (11, 12) and by Kittredge et al. (13) led to several studies on the utilization of these substances by bacteria as sources of phosphorus (6, 15, 20) . These studies raised the related question of the manner in which these substances enter the intracellular compartment. Accordingly, we investigated the transport of several aminophosphonic acids in Lactobacillus plantarum and in Streptococcusfaecalis, and found that the entry of some of these substances into the cell is catalyzed by the amino acid transport systems. A preliminary report of these experiments has appeared (Holden et al., Intern. Congr. Biochem., 7th, Tokyo, 1967, p. 996). Rosenberg and La Nauze (19) recently described an inducible system in Bacillus cereus that catalyzed the transport of 2-aminoethylphosphonic acid.
MATERIALS AND METHODS
Organisms and growth media. L. plantarum strain (ATCC 8014) and S. faecalis strain R (ATCC 8043) were maintained in glucose-yeast extract-agar stabs and grown in synthetic media as described previously (9, 10) . A mutant of S. faecalis (designated R-4) , which is impaired in the ability to transport glutamic and aspartic acids (Holden and Utech, Federation Proc. 24:352, 1965), was used in several experiments. This strain was cultured in a medium containing 1 mg of L-glutamic acid per ml.
Uptake and extraction procedure. Washed cells of L. plantarum (1.6 mg/ml, dry weight) were incubated at 37 C in 0.12 M phosphate buffer, pH 6.5 (9) , which contained 0.028 M glucose and the phosphonic acid at concentrations between 0.2 and 6.0 mm. In most experiments, the final volume of this mixture in plastic centrifuge tubes was 3.75 ml. In some experiments in which tritiated 2-amino-3-phosphonopropionic acid (APP) was used, the final volume was 2.0 ml. Experiments with S. faecalis were carried out under the same conditions except that 0.18 M phosphate buffer was used. At intervals, the tubes were iced and centrifuged in the cold at 15,000 X g for 7 min. The supernatant fluids were decanted, the tubes were swabbed dry, and the cell pellets were frozen. After at least 1 hr in the freezer, the cells were thawed and extracted either with 4 ml of boiling water for 1S min (8) or with 2 ml of 5% trichloroacetic acid for 30 min at room temperature. In experiments in which tritiated APP was used, samples of the cell extract were dried in glass counting vials, after which hyamine, 2,5-diphenyloxazole, and 1,4-bis-2-(5-phenyloxazolyl)-benzene in toluene were added for isotope determination in a scintillation counter. The treatment of extracts that were derived from cells that had been exposed to nonradioactive phosphonic acids is described below. TRANSPORT OF AMINOPHOSPHONIC ACIDS sis. Cell extracts, prepared as described above, were dried in vacuo over H2SO4 and KOH. Subsequent steps were based, with some modifications, on procedures described previously by Kittredge et al. (13) . The dried extracts were redissolved in 1.2 ml of 6 N HCl, and heated in sealed tubes at 110 C for 24 hr to hydrolyze all phosphate esters. In later experiments, the hydrolysis time was shortened to 7 hr with no indication of interference by nonphosphonic acid compounds. Hydrolysates were dried in vacuo over H2SO4 and KOH, redissolved in 1 ml of water, dried, dissolved in 1 ml of water, and treated with approximately 2 to 5 mg of Norit in a boiling-water bath for 10 min. After filtration through glass-fiber paper (984H Ultra filter, Hurlbut Paper Co., South Lee, Mass.), the filtrate and washings were dried in vacuo. Samples were dissolved in 1 ml of 1 N formic acid and applied to a column (5 cm X 1 cm) of Dowex 50-X4 (H+ form) suspended in 1 N formic acid. After washing the column with 5 ml of 1 N formic acid, the acids were eluted with water followed by 3 N NH40H. The following phosphonic acids were recovered in the effluent that was collected after indicated volumes of water (up to 30 ml) and of 3 N NH40H were added to the top of the column (in each case the effluent volume was equal to the eluent volume): APP, 10 ml of water; l-aminoethylphosphonic acid (1-AEP), 9 to 20 ml of water; 2-aminoethylphosphonic acid (2-AEP), 10% in 30 ml of water, and the remainder after 10 ml of 3 N NH40H; 2-amino-4-phosphonobutyric acid, 5 to 25 ml of water; 1-amino-1,3-propyldiphosphonic acid, 10 ml of 1 N HCOOH and 5 ml of water; 1-amino-2-methylpropyl phosphonic acid, 10 ml of 3 N NH40H; and 1-amino-2-phenylethylphosphonic acid, 10 For quantitative analysis of the aminophosphonic acid present in column effluents, the indicated fractions were dried in vacuo and redissolved in 1.0 ml of water to which had been added 0.1 ml of 0.01 N KOH. After redrying in vacuo, the samples were redissolved in 0.5 ml of water and assayed by the ninhydrin method that was described by Cocking and Yemm (3) .
In all cases, the column effluents were chromatographed on paper (n-butyl alcohol-acetic acid-water, 60:15:25) or examined by paper electrophoresis to establish that a single phosphonic acid, corresponding in migration to the known compound, was present in the sample. Chromatograms and electrophoresis strips were sprayed with ninhydrin reagent, and the presence of the phosphonate group was established by subsequently treating with the reagent described by Rosenberg (18) .
In the column procedure, NH40H elutes amino acids as well as the indicated phosphonic acid. Therefore, quantitative analysis of the latter by the ninhydrin method required subsequent separation from amino acids by paper electrophoresis. An E-C apparatus (E-C Apparatus Corp., Philadelphia, Pa.) was used with a buffer that contained 5 ml of 37% HC1 and 14.5 ml of 90% HCOOH per liter. Column effluents and known amounts of the respective phosphonic acid were analyzed simultaneously. After spraying with ninhydrin, the spot in the unknown that corresponded to the known control was eluted, and its absorbancy at 540 nm was determined. Sufficient duplicate controls were used to permit construction of a standard curve from which the amount of aminophosphonic acid in the experimental sample was derived.
Compounds. Initially, experiments were performed with aminophosphonic acid kindly supplied by A. F. Isbell. Subsequently, phosphonic acids were purchased from Calbiochem, Los Angeles, Calif. Tritiated DL-2-amino-3-phosphonopropionic acid was prepared by Calbiochem by use of a catalytic exchange procedure. After removal of readily exchanged isotope, the material was concentrated to dryness. The crystalline mass was redissolved in 1 N formic acid and applied to a Dowex 50 column (2.5 X 70 cm). After application of tritiated material, the column was washed with 350 ml of 1 N formic acid and then eluted with water.After the appearanceof several minor peaks which were discarded, a large radioactive peak emerged and was collected. This portion of the effluent was concentrated by a rotary evaporator, redissolved in water, and reconcentrated. The tritiated material was dissolved in 4 ml of water, and crystallization was induced by adding 10 ml of 95% ethyl alcohol and then allowing the material to stand in the cold for 2 days. The first crop of crystals washed with ethyl alcohol weighed 33.2 mg; a second crop that weighed 32.6 mg was subsequently obtained from the mother liquor. The purity of both crops was established by paper electrophoresis. There was a maximum of 1% radioactivity in the region outside the APP peak.
RESULTS
The amounts of various aminophosphonic acids that were accumulated by L. plantarum are summarized in Table 1 analogue was not taken up in measurable amounts. The latter observation was confirmed later by use of isotopically labeled material. There was no evidence of 2-AEP uptake in this organism or in S.faecalis. The compound analogous to valine was taken up moderately well in comparison to the amino acid, but the analogues of lysine and phenylalanine were not accumulated in measurable amounts. In all cases, the accumulated phosphonic acid was shown by electrophoretic procedures to be identical to the material that was present extracellularly.
The phosphate content of the buffer did not appear to affect aminophosphonate uptake. The amount of aminophosphonic acid that was accumulated was not changed when the phosphate concentration was reduced or when the phosphate was replaced entirely by maleic acid.
The accumulation of the aspartic acid analogue, APP, was markedly stimulated by glucose (Fig.  1) . Incubation for 90 min in the absence of an energy source increased the amount of APP associated with the cells only slightly above that found in the cold, unincubated controls. Similar results were obtained with 1-AEP, the analogue of alanine, and with the valine analogue. The calculated intracellular concentration of APP, assuming that the material was distributed in a homogeneous solution, was greater than 10 times the extracellular level of 3 mM. Since the accumulation was energy-dependent and possibly against a concentration gradient, we tentatively concluded that these substances might be actively transported. To facilitate further study, the aspartic acid analogue, APP, was tritiated. All subsequent information was derived from isotopically labeled material, although key observations have been confirmed by chemical determination of APP.
The time-course of tritiated APP uptake by L. plantarum is illustrated by Fig. 2, which shows again the dependence of uptake on the presence of glucose. Using the tritiated material, it was possible to study uptake over shorter periods of time and in a lower external concentration range where higher apparent gradients were attained. This is indicated by the numbers on the curve in Fig. 2 . The apparent concentration ratios were calculated by using 2.0 ml/g as an estimate of the effective intracellular water volume (8) .
The distribution of isotope from APP among the components of the readily extracted pool was determined by column chromatography. As shown by Fig. 3 . Lineweaver-Burk plots of initial rate data for aspartic or glutamic acids are not linear. These data can be expressed by an equation which assumes two saturable components that have Michaelis constants which differ by a factor of 100. We have isolated also a mutant that lacks one of these transport components, the so-called "high affinity" system that functions at low TRANSPORT OF AMINOPHOSPHONIC ACIDS 955 extracellular concentrations. This strain, desig-5 nated R-4, can actively accumulate glutamic or aspartic acids only at high external concentrations. This is a specific mutation not affecting S. FAECALIS 6mM the transport of glutamine, alanine, leucine, or analogues of the latter two amino acids (Utech, 4- Reid, and Holden, in preparation). As shown in E ATCC Fig. 5 , at low extracellular concentrations the 8 mutant strain failed to take up APP; the amount / in the cell was no higher than that taken up by ./ the parental strain (American Type Culture Col-E 3/ lection) in the absence of glucose.
Thus, a mutation that specifically inactivates 8 the ability of this organism to transport aspartic / or glutamic acids at low concentrations also / prevents it from accumulating the aminophos-3 2 phonic acid analogue of aspartic acid. The "high / affinity" system may be the only mechanism / available for the uptake of APP in S. faecalis, ; because uptake of APP at higher concentrations is still very poor and hardly stimulated at all by 1 glucose (Fig. 6 ). By contrast, aspartic acid (at an extracellular concentration of 3.0 mM) is ac- R-4 cumulated by an energy-dependent process in the R-4 strain to 35% of the level that was observed / in the parental strain.
In accord with these findings, kinetic studies (5, 7, 14, 17) , and that mitochondria take up pyridine nucleotides (1, 2, 16 ). There is also a recent report on adenine nucleotide phosphonate uptake in mitochondria (4). Thus, it seems that the presence of a phosphono or phospho group is not necessarily incompatible with the facile transport of a substance through the cell membrane.
The strong anionic character of the compounds used in this study raises the possibility that all or at least some of the uptake observed is attributable to a binding process either at the cell surface or within the cytoplasm. It is not possible, on the basis of the evidence presented here, to exclude retention within the cell by such a mechanism of much of the accumulated phosphonic acids. However, association at or near the surface with stoichiometric binding sites is con tradicted by several findings. Among the more conclusive observations are that uptake is dependent on a source of energy and that there are rather narrow structural specificity requirements revealed by competition studies. For example, the latter observation is especially inconsistent with a process of accumulation by reaction with surface adsorption sites. Furthermore, the more highly charged diphosphono analogue of glutamic acid was accumulated much less readily than either of the monophosphono analogues (Table 1) . Finally, the failure of the dicarboxylic amino acid transport mutant to accumulate APP also argues strongly that the accumulation process is catalytic and that it involves penetration of the cell membrane.
These studies were conducted with racemic compounds which, with one exception, have been the only ones available to us. Therefore, it was not possible to determine whether one or both phosphonate isomers are taken up. APP uptake was reduced by both L-and D-aspartic acids, but this is not a conclusive indicator that both APP isomers are entering the cell. We recently obtained a small sample of L( +)-1-AEP from A. F. Isbell, and found that L. plantarum accumulated equal amounts of 1-AEP when presented extracellularly with equimolar amounts of L(+)1-AEP or DL-1-AEP (Holden et al., unpublished data). This preliminary result suggests that both isomers of 1-AEP are being accumulated.
In these organisms and under the incubation conditions used here, there appears to be very little metabolism of the aminophosphonic acids that enter the cell. This fact makes these compounds potentially useful as poorly metabolizable analogues for the study of amino acid transport. There is the additional advantage that APP interacts in S. faecalis only with one of the two kinetically distinguishable dicarboxylic amino acid transport systems. This provides a means for studying separately the properties of these two transport components.
